Abstract A major challenge in the care of patients with heart failure and preserved ejection fraction (HFpEF) is the lack of proven therapies due to disappointing results from randomized controlled trials (RCTs). The heterogeneity of the HFpEF syndrome and the use of conventional RCT designs are possible reasons underlying the failure of these trials. There are several factors-including the widespread adoption of electronic health records, decreasing costs of obtaining highdimensional data, and the availability of a wide variety of potential therapeutics-that have evolved to enable more innovative clinical trial designs in HFpEF. Here, we review the current landscape of HFpEF RCTs and present several innovative RCT designs that could be implemented in HFpEF, including enrichment trials, adaptive trials, umbrella trials, basket trials, and machine learning-based trials (including examples for each). Our hope is that the description of the aforementioned innovative trial designs will stimulate new approaches to clinical trials in HFpEF.
Introduction
Heart failure with preserved ejection fraction (HFpEF) is a common and increasingly prevalent clinical syndrome that has proven difficult to treat effectively [1] . Clinical trials for HFpEF have been largely disappointing, with only a few therapies such as spironolactone and implantable hemodynamic monitoring shown to reduced heart failure (HF) hospitalizations in randomized controlled trials [2] [3] [4] . As covered in detail in the introductory (overview) article of this series on precision medicine in HFpEF [5] , the heterogeneity of the HFpEF syndrome may be a major factor underlying the failure of these prior clinical trials, which have thus far essentially used a one-size-fits-all approach [6, 7] . Furthermore, major phase 3 clinical trials in HFpEF and other common cardiovascular syndromes incorporate very large numbers of patients (typically >3000-4000 participants) in order to not only ensure a sufficient number of events but also to account for the inherent heterogeneity present in large-scale, broad-based trials. As part of this trend, pragmatic trials have increased in popularity as a way of enrolling even larger numbers of patients for common diseases and clinical syndromes, in order to determine the efficacy of a treatment in a low-cost, efficient manner [8, 9] .
But there may be alternate ways to improve the track record of clinical trials in HFpEF. Given the heterogeneity of the HFpEF syndrome, with its varying etiologies, pathophysiologies, and clinical presentations, it is not surprising that several investigators have advocated improved Bmatch-makingô f patients, treatments, and trial endpoints as a way of moving forward with HFpEF [6, 10] . Such an approach is at the heart of a Bprecision medicine^or Bpersonalized medicine^ap-proach. There are several factors that have evolved to enable more innovative clinical trial designs that leverage a precision medicine approach in HFpEF. Examples include the widespread adoption of electronic health records (which are searchable and analyzable using text mining approaches such as natural language processing [11] ), the decreasing costs of obtaining high-dimensional data (e.g., genomics, proteomics, metabolomics, activity trackers, continuous heart rate and blood pressure monitors, deep phenotyping of cardiac imaging data, etc.) on patients, and the availability of a wide variety of potential therapeutics for HFpEF.
In this review, we cover several aspects of innovative clinical trials for precision medicine in HFpEF: (1) overview of the unmet need for new approaches to clinical trials in HFpEF; (2) a brief description of the current landscape of HFpEF clinical trials; (3) an analysis of various innovative clinical trial designs and how they could be applied to HFpEF; (4) statistical considerations for novel clinical trial designs; and (5) potential challenges and hurdles for innovative clinical trial designs in HFpEF.
The Unmet Need for New Approaches to Clinical Trials in HFpEF
In the past 5 years (May 2012-May 2017), 199 review articles have been published on the topic of HFpEF [12] . Common to most of these reviews is the acknowledgement that HFpEF is one of the greatest unmet challenges in cardiovascular medicine today given the lack of available therapies. Despite many advances in HF with reduced ejection fraction (HFrEF), there has been little progress in HFpEF, with the vast majority of clinical trials returning neutral or negative results. It is therefore clear that new approaches to HFpEF are sorely needed.
Several authors have published strategies for improving the track record of clinical trials in HFpEF [13, 14] , but few have focused on the design of the HFpEF clinical trials themselves. Over the past 10-15 years, important strides have been made in the understanding of the pathophysiology of the HFpEF syndrome due to innovative basic science and clinical studies of the HFpEF syndrome [15] [16] [17] . In addition, there has been great interest in the development of novel therapies for HFpEF, with several novel medications and devices currently in various stages of development. Thus, the time is ripe to innovate in the clinical trial space in HFpEF.
The Current Landscape of Clinical Trials for HFpEF
The medical community, payers, regulatory agencies, funding agencies, and pharmaceutical and medical device industries have all embraced the need to find better therapies for HFpEF [13] . Thus, there are several drugs and devices in development for HFpEF, and there are several ongoing HFpEF clinical trials (Table 1) , which address various etiologies and pathophysiologies of HFpEF (Fig. 1 ). While some of these trials are targeted to specific etiologies of HFpEF (e.g., transthyrtein cardiac amyloidosis [18] , hypertrophic cardiomyopathy [19] ) or specific pathophysiologies present in HFpEF (inflammation [20] , iron deficiency), for the most part, they are non-targeted clinical trials that attempt to treat HFpEF patients using a one-size-fits-all approach.
Although the development of multiple new therapies for HFpEF is quite exciting, the sheer number of trials is making it more and more challenging to effectively enroll patients into clinical trials for HFpEF, especially considering that enrollment for HFpEF trials was quite dismal when HFpEF trials were much more rare (e.g., during the TOPCAT trial-which was conducted from 2006 to 2012-there were very few other HFpEF clinical trials, and yet the TOPCAT enrollment rate was still only 2.6 patients per site per year). Furthermore, if HFpEF trials became increasingly more targeted in their approach, the number of available patients eligible for each trial will continue to get smaller and smaller. For this reason, new approaches are urgently needed.
A similar dilemma has occurred in oncology: the stakes are typically high, with high morbidity and mortality for many cancers; numerous potential therapies are in development; and more precise classification of cancers using molecular diagnostics means that the available sample sizes for clinical trials is quite low. The oncology field has responded by incorporating innovative clinical trial designs (e.g., adaptive, biomarker-based clinical trials; and sequential, multidrug, goal-directed clinical trials [21] [22] [23] ) to confront these challenges, and the same approach can be applied to HFpEF. Indeed, other fields such as aging have also embraced new approaches, recognizing that heterogeneous, multisystem diseases require getting away from a myopic approach to clinical syndromes. For example, in the Targeting Aging with Metfromin (TAME) trial, subjects ages 65-79 will be enrolled in a large randomized controlled trial to study the effects of metformin on a variety of aging-related disorders, with a composite endpoint that includes incident cardiovascular events, cancer, dementia, and mortality [24] .
Innovative Clinical Trial Designs for HFpEF
In order to create novel clinical trials in HFpEF, we must start to think about HFpEF and related syndromes in new ways, similar to what is being done in oncology. Currently, most cancer drugs are approved based on tumor location, not a deranged molecular pathway, but this is changing. Similarly, in HFpEF, clinical trials could be focused on a molecular or pathophysiologic abnormality known to lead to HFpEF and related diseases of other organs. Thinking about clinical syndromes and treatments in this manner makes it clear that most diagnoses are man-made creations that help with aggregating patients who look alike based on a definition of a particular syndrome (such as HFpEF). This would explain why medications seem to only work in a subset of patients instead of all patients with HFpEF. Thus, we may need to consider deconstructing the definition of common diseases such as HFpEF and start focusing instead of common pathophysiologies or molecular signatures that are present across diseases.
Innovation in clinical trial designs has a long history, and multiple novel designs are now available and have been utilized in a variety of medical fields, including cardiology. Thus, the clinical trial designs described here are not truly novel; however, their application to HFpEF (and HF in general) would be innovative because the current landscape of HFpEF clinical trials (as described above) are nearly all traditional designs. Here, we outline several novel clinical trial designs, including enrichment trials, adaptive trials, umbrella trials, basket trials, and the application of machine learning to clinical trials (summarized in Table 2 ).
Enrichment Trials
Current HFpEF clinical trials typically use an untargeted design. Patients are randomized to either the active treatment or control arm of the study, without pre-trial screening for an abnormality in the target of the drug or device that is being tested. An alternate approach would be to enrich the trial by assaying patients for the target of the drug, after which there are several options (Fig. 2) [21]: (1) randomize all patients and evaluate the subgroup that expresses the target in pre-specified subgroup analyses; (2) randomize only those patients that express the target; or (3) split the patients into two groups (those that express the target and those who do not express the target) and then randomize and analyze each group separately. By assaying the target, the clinical trial can be enriched for the patients thought to be the ones who are most likely to respond to the treatment. Note: the trials listed above are not meant to be a comprehensive list, rather, they represent the majority of the major randomized, multicenter HFpEF clinical trials that were ongoing at the time of publication of the manuscript TTR transthyrtein, IL-1 interleukin-1, SGLT-2 sodium-glucose transporter-2, RNAi RNA interference, I Na+ inward sodium current, RCT randomized controlled trial, CRP C-reactive protein, HFpEF heart failure with preserved ejection fraction, PCWP >> RAP pulmonary capillary wedge pressure greater than right atrial pressure, CpcPH combined post-and pre-capillary pulmonary hypertension a Investigator-initiated trial via Mid-America Heart Institute, Kansas City, Missouri, USA
In HFpEF, the REDUCE LAP-HF I and II trials (randomized controlled trials of an interatrial shunt device vs. placebo sham procedure) could be viewed as enrichment trials [25] . Patients undergo non-invasive and invasive hemodynamic screening to ensure that only those patients that express the target (elevated left atrial (LA) pressure compared with right atrial (RA) pressure at rest or during exercise) are included into the trial, thereby enriching the trial for those patients who are most likely to respond to a device that creates a shunt between the LA and RA. For the interatrial shunt device, where it is clear that patients without the target (i.e., those HFpEF patients with RA pressure ≥ LA pressure) will not benefit from the device, the choice of the aforementioned enrichment trial designs is obvious. However, this is not always the case, especially for pharmacological therapies that may have off-target effects. For example, one could imagine that neprilysin inhibition with sacubitril/valsartan (which is currently being tested in HFpEF in the PARAGON trial) would be most efficacious in patients with overactive neprilysin and/or deficiency in the production of cyclic GMP (cGMP) via the natriuretic peptide, particulate guanylate cyclase pathway. However, neprilysin inhibitors are known to affect the breakdown of a variety of vasoactive peptides and therefore may have off-target beneficial effects in patients who do not meet criteria for expression of the target (augmented neprilysin or deficient cGMP). Thus, for trials of sacubitril/ valsartan an enrichment trial design that includes HFpEF patients who do and do not express the target would be a reasonable approach.
The design of enrichment trials depends on several factors. First, there must be a way to determine expression of the target. In the case of HFpEF, that could mean a biomarker (e.g., cGMP levels), cardiac imaging marker (e.g., extracellular volume fraction (a marker of diffuse interstitial fibrosis) on cardiac magnetic resonance imaging T1 mapping), invasive hemodynamic measure (e.g., LA-RA pressure gradient), or even an extracardiac parameter (e.g., skeletal muscle perfusion during exercise). Second, the proportion of the patients who test positive for expression of the target and the relative effectiveness of the treatment (compared with control) for testnegative patients is also a major consideration. When less than half of patients are test negative and the investigational 
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Fig. 1 Etiological and pathophysiological model of heart failure with preserved ejection fraction. HFpEF can result from primary or secondary myocardial injury, with the latter being more typical of the syndrome. Comorbidities are thought to lead to systemic inflammation, which is associated with systemic endothelial dysfunction and decreased NO-cGMP-PKG signaling which result in secondary myocardial injury. Other diseases such as cardiac amyloidosis and HCM result in primary myocardial injury. Regardless of the cause, LV concentric remodeling and hypertrophy ensues, which results in a cascade of LV dysfunction, LA dysfunction, and RV dysfunction, ultimately leading to pulmonary and systemic venous congestion. Systemic endothelial dysfunction also likely contributes to skeletal muscle dysfunction and renal dysfunction, both of which are present in the vast majority of HFpEF patients. HTN hypertension, CKD chronic kidney disease, CAD coronary artery disease, AF atrial fibrillation, OSA obstructive sleep apnea, NO nitric oxide, cGMP cyclic guanosine monophosphate, PKG protein kinase G, HCM hypertrophic cardiomyopathy, LV left ventricular, LA left atrial, RV right ventricular, CO cardiac output treatment has little or no benefit for test-negative patients, the enrichment (targeted) design requires dramatically fewer randomized patients but may require a greater number of screened patients. When there is a clear HFpEF subgroup that can be identified based on a particular biomarker and this subgroup is thought to be more responsive to the therapy.
• Smaller number of randomized patients required than a typical RCT.
• Requires a way to determine expression of the therapeutic target.
• Depending on study design could be used to determine utility of biomarker or multiple biomarkers.
• In a traditional enrichment trial design (where only the subgroup most likely to respond to the therapy is enrolled), the trial is unable to determine treatment effect for those who test negative for the biomarker. Adaptive
Adaptive trials involve flexible trial design and the use of accumulated data to change aspects of the trial without undermining the validity and integrity of the trial. Several parameters (e.g., inclusion/exclusion criteria, sample size, drug dose and treatment schedule, endpoints, etc.) can be modified in a pre-specified fashion based on data collected and analyzed during the trial.
When there is a uncertainty regarding the optimal design of the trial, and when data can be collected and analyzed in a continuous fashion during the trial in order to determine whether certain features of the trial can be adapted.
• Potentially increased clinical trial speed and efficiency, with resultant lower costs.
• Requirement of rigorous planning and complex statistical methods
• Fewer patients exposed to harmful treatments.
• Only pre-specified trial adaptations are allowed.
• Greater potential chance for showing treatment efficacy.
• Potential difficulties in terms of acceptance of the trial design and results by regulatory authorities and clinicians.
Umbrella
In an umbrella trial design, a variety of targeted treatments are tested in parallel.
When multiple treatment options exist, and when enough patients can be recruited and targeted toward the various treatments in the umbrella trial.
• Less screen failures because a variety of trials are available for patients. Enables a more targeted approach that comes closer to the goal of achieving precision medicine.
• A large number of patients are needed to successfully enroll in the several trials that are being conducted simultaneously.
• Multiple treatments can be examined simultaneously.
• Multiple treatment options must be available. Basket Basket trials are focused on the underlying target and not the disease or clinical syndrome per se.
When the therapeutic target is clearly defined and can be assayed in a wide variety of patients with multiple different clinical diseases or syndromes.
• Ability to target a molecular or pathophysiologic abnormality shared by several different diseases and clinical syndromes.
• Different diseases may respond differently to targeting the same underlying molecular or pathophysiologic abnormality.
• Agnostic therapeutic approach.
• The investigational therapeutic may have off-target effects that may be harmful depending on the disease being treated.
• May be easier to enroll, larger number of eligible patients.
• Requires ability to precisely test for the therapeutic target.
• May be difficult to determine appropriate trial outcomes. Machine learning
There are several applications of machine learning to clinical trials, including unsupervised learning to identify patient clusters that may have differential treatment responses; supervised learning which may be able to determine treatment responders; and reinforcement learning, involves a computer learning decision-making by repeatedly walking through win-lose scenarios (such as a patient who does vs. does not respond to a particular therapy).
When a large amount of data collected in a previous trial or current trial is available for analysis.
• May provide novel insight into which patients are most likely to respond to the investigational therapeutic.
• Requires external validation.
• Requires a large amount of data and treatment scenarios to train the algorithm effectively in order to make predictions of treatment response.
Adaptive Trials
In HFpEF, not only have clinical trials had a disappointing track record, but the timeline for therapeutic development has also been quite prolonged. Over the past~15 years, there have only been five large-scale randomized trials in HFpEF (PEP-CHF [26] , CHARM-Preserved [27] , I-PRESERVE [28] , TOPCAT [4] , and the ongoing PARAGON trial). For patients, healthcare providers, and pharmaceutical and device companies, speeding up the therapeutic development process in HFpEF would therefore be a major advance. Adaptive clinical trial designs [29] may be the answer to these unmet needs. The guiding tenets of adaptive clinical trials are flexibility in trial design and the use of accumulated data to hone aspects of the trial without undermining the validity and integrity of the trial [30] . In adaptive trials, several parameters (e.g., inclusion/exclusion criteria, sample size, drug dose, and treatment schedule) can be modified in a pre-specified fashion to allow for faster evaluation of treatments. Furthermore, the data collected during the conduct of the trial can allow for Bsmarter^trial design by using lessons learned from that data to adapt the trial with the goal of making the trial more successful. Statistical considerations for adaptive trials can be complex, though several approaches have been published [31] [32] [33] . Nevertheless, adaptive trials can be complex for investigators, study coordinators, and trialists (given the need for detailed, active follow-up during the trial) and may be difficult for clinicians to interpret once results are reported. Biomarker test with/without conventional tests Fig. 2 Biomarker-based enrichment trial designs. a Biomarker discovery is performed in a trial that is used to address a therapeutic question but patient recruitment and treatment allocation are not informed by the marker status. b A non-targeted biomarker study in which the trial is designed and powered to address the biomarker hypothesis to ensure adequate biomarker representation and distribution between arms. c Biomarker-targeted randomized controlled trial (RCT) in which the presence of the selection marker guides patient allocation. d RCT that compares biomarker-directed therapy with conventional therapy, which allows the overall concept of the biomarker approach to be tested as a whole. R randomization. Note: for HFpEF trials, potential Bbiomarkersf or use in RCTs include physiologic markers and cardiac imaging markers. Reproduced with permission from [21] A key aspect of adaptive trial designs is that only prospectively planned changes in trial design can be implemented, which ensures that bias is not introduced into the trial, and that the statistical inferences are valid. Several study features can be modified in adaptive trials, including eligibility criteria, randomization ratios, analytic methods, and endpoints. In addition, treatment arms can be dropped, added to, or modified. Furthermore, adaptive designs could be used to combine two phases of development of a treatment (e.g., Bseamless^design combining phase 2 and phase 3 of drug development [34] ).
There are several advantages and disadvantages to consider when evaluating whether an adaptive design is the best for a particular therapeutic in development for HFpEF. Advantages of an adaptive design include increase speed and efficiency (with fewer patients needed), which could potentially lead to lower costs. In addition, in an adaptive design fewer patients are exposed to ineffective or harmful treatments. Disadvantages include the need for rigorous planning and complex statistical methods; preservation of trial integrity by only allowing pre-specified trial adaptations and maintaining strict blinding; and potential difficulties in terms of regulatory acceptance of the trial design and results.
However, despite these potential hurdles, adaptive trials could be advantageous in HFpEF. For example, in the TOPCAT trial, at the point of 75% of total enrollment, the interim analysis showed that the results looked promising but fell in a zone that would have benefited from a increased sample size. If an adaptive design had been incorporated into TOPCAT, a pre-specified design rule at the point of 75% enrollment would have called for increasing the sample size, and that could have led to a positive overall trial [35] .
The SOCRATES-Preserved trial (phase 2b dose-finding study of vericiguat, an oral soluble guanylate cyclase (sGC) stimulator in worsening HFpEF) [36, 37] is a good example of a trial that may have benefited from an adaptive design. In SOCRATES-Preserved, after 12 weeks of treatment there was no difference in the co-primary endpoint (change in Nterminal pro-B-type natriuretic peptide (NTproBNP) and change in LA volume) among those randomized to vericiguat vs. placebo. In hindsight, four aspects of the trial were noteworthy: (1) sGC stimulation with vericiguat (which increases cGMP levels) could have beneficial effects in several noncardiac tissues (including the vasculature, lungs, adipose tissue, skeletal muscle, and kidneys) that have been implicated in the HFpEF syndrome; (2) SOCRATES-Preserved required patients to be enrolled within 30 days after HF hospitalization, which meant that they were a high-risk, frail group of patients, who commonly had atrial fibrillation; (3) the co-primary endpoint (change in NTproBNP and LA volume) was based on the successful PARAMOUNT trial (phase 2 trial of sacubitril/ valsartan vs. valsartan in HFpEF) [38] and not necessarily on the mechanism of action of vericiguat; and (4) a total of four vericiguat dose groups were tested in the trial (and were compared with placebo) which meant that the five randomization groups were quite small (n = 93-96 patients in each group). Each of these four a priori decisions about the SOCRATES-Preserved trial design could have led to its failure to demonstrate a beneficial effect of vericiguat in HFpEF.
In an adaptive design, each of these four aspects of the trial could have been analyzed continuously throughout the trial and pre-specified as modifiable. First, because sGC stimulation could have a variety of effects in multiple organs, detailed readout of major organs involved in HFpEF during the trial could have assisted with the determination that physical functioning appeared to improve the most, which (in the absence of a detectable effect on cardiac function) suggests that skeletal muscle function improved significantly with vericiguat treatment. Second, trial enrollment was difficult at some sites because of the unwillingness of sick HFpEF patients to be enrolled in such close proximity to their HF hospitalization; given the mechanism of action of the drug there was no compelling reason why it would be more efficacious in the Bworsening^HFpEF patient vs. the chronic stable HFpEF patient. Third, given the high proportion of patients with atrial fibrillation, and the fact that post-HF hospitalization NTproBNP values likely decrease in the majority patients, the endpoints became questionable. Patients with atrial fibrillation are unlikely to achieve LA remodeling with reduction in LA size within a short time frame, and it would be difficult to demonstrate a difference in reduction in NTproBNP in the posthospitalization given the decline in NTproBNP levels in the majority of HFpEF patients after hospitalization, a dynamic period with several potential continued treatment modifications and the potential for repeat hospitalization. Finally, despite a priori power calculations, the inclusion of a relatively large number of dose-finding groups in the SOCRATESPreserved trial meant that the study could have been underpowered.
Had an adaptive design been implemented in SOCRATESPreserved, one could imagine that the trial design would have changed with the cumulative knowledge gained during the conduct of the trial. A post-hospitalization, worsening HFpEF group of patients randomized to four dose groups vs. placebo, with biomarker, echocardiography, and quality-oflife testing, and the co-primary endpoint of change in LA volume and change in NTproBNP could have been adapted into a chronic, stable HFpEF population, with collapsing of the four dose groups into the two highest dose groups, and addition of exercise testing (e.g., 6-min walk testing or cardiopulmonary exercise testing) to the endpoint. Such an adaptive design could have meant the difference between a failed phase 2b trial and a positive trial that led to a further development into a phase 3 trial.
The challenge of adaptive designs is that we cannot predict the future; thus, investigative groups that design adaptive trials must think carefully and try to consider all of the potential scenarios during the development of the study protocol. Furthermore, even if an adaptive design such as the aforementioned one for SOCRATES-Preserved had been implemented, the statistical considerations would have likely been quite complex. Nevertheless, HFpEF clinical trialists must challenge themselves to consider adaptive designs to improve the drug development process. Table 3 lists several potential adaptive clinical trial designs that could be applied to HFpEF [39] .
Umbrella Trials
With the advent of a large number of potential therapies for HFpEF, coupled with the high morbidity of the HFpEF syndrome, there is a pressing need to test a variety of therapies as efficiently as possible. In an umbrella trial design, a variety of targeted treatments are tested in parallel [21, 23] . In oncology, an umbrella design typically starts with a single tumor type. Patients are then tested for a panel of genetic markers in the tumor tissue (or circulating biomarkers), after which they are matched up with specific trials that fit best with the underlying molecular aberration that is the cause of their tumor. A similar approach can be applied to HFpEF, as is being done in the Northwestern University HFpEF program (Fig. 3a) . Patients with HFpEF are first interrogated in observational HFpEF studies that involve deep phenotyping (e.g., biomarkers, cardiac imaging with echocardiography and cardiac MRI, exercise testing, body MRI to evaluate adipose tissue distribution, arterial tonometry, coronary flow reserve testing, and/or invasive hemodynamics). Next, once the particular pathophysiologic abnormality or phenotype is ascertained, patients are targeted toward the specific HFpEF clinical trial that is the best match for them. It is important to note that the HFpEF trials shown in Fig. 3a are not necessarily mutually exclusive; the decision to target a HFpEF patient to a particular clinical trial is based on a combination of the underlying etiology and pathophysiology of HFpEF, clinical presentation phenotype, and clinical judgment of the site investigator.
Potential advantages of umbrella designs include less screen failures because a variety of trials are available for patients. For example, HFpEF trials typically exclude patients with cardiac amyloidosis or genetic forms of hypertrophic cardiomyopathies. In the Northwestern HFpEF Program, the ability to enroll HFpEF patients with these etiologies in alternate clinical trials (e.g., ATTR-ACT and ENDEAVOR for transthyretin cardiac amyloidosis, and LIBERTY for hypertrophic cardiomyopathy) provided options for these patients and enhanced clinical trial enrollment overall. In addition, the umbrella design allows for a more targeted approach that comes closer to the goal of achieving precision medicine. Reproduced from [39] The major pitfall of an umbrella design is that a large number of patients with HFpEF at sites are needed to successfully enroll in the several HFpEF clinical trials that are being conducted simultaneously. Solutions to this problem are as follows: (1) a large-scale, dedicated HFpEF program [40] that cares for a large number of patients at a single institution and (2) a regional network of sites that can conduct several HFpEF trials either in a Bhub-and-spoke^model or a Bdistributivem odel (Fig. 3b) .
Basket Trials
The application of a basket trial design [22] to HFpEF is perhaps the most Boutside-the-box^trial design of those discussed thus far. Basket trials are focused on the underlying target and not the disease or clinical syndrome per se. In oncology, basket trials are histology independent-patients with cancers of different organs and histologic types are united based on underlying, specific molecular abnormality. These patients of a variety of tumor types, but with a specific somatic mutation, for example, are treated with a drug that targets that mutation. How could a basket trial design be applied to HFpEF and related syndromes? Two examples are provided here: (1) obesity-related syndromes and (2) Fig. 3 Umbrella trial design and infrastructure. Top, umbrella design approach for HFpEF clinical trials in the Northwestern University HFpEF Program. Once the diagnosis of HFpEF is confirmed, patients are enrolled into HFpEF registries that involve deep phenotyping, after which patients are directed to the most appropriate HFpEF clinical trial based on their underlying etiology or pathophysiology. It is important to note that the inclusion/exclusion criteria for these trials are not necessarily mutually exclusive. Thus, currently the assignment of patients into particular trials is based on clinical judgment, in addition to the inclusion/exclusion criteria. Bottom, an umbrella design requires a large number of patients in order to enroll in each of the HFpEF clinical trials. Two potential models are a Bhub-and-spoke^model (left) and a Bdistributive^model (right). In the hub-and-spoke model, referring hospitals and clinics would send HFpEF patients to a major regional HFpEF clinical center that conducts each of the HFpEF clinical trials. In the distributive model, multiple centers with expertise in HFpEF in a given region would be involved in the umbrella trial design. Each center would be responsible for 1 or more of the trials involved in the umbrella design. HFpEF patients would then be transferred between centers depending on the trial that best fits their underlying HFpEF subtype. LAP left atrial pressure, RAP right atrial pressure, BP blood pressure, CpcPH combined post-and pre-capillary pulmonary hypertension, HCM hypertrophic cardiomyopathy requires weight loss treatment [41, 42] . Obese HFpEF patients often have other obesity-related diseases such as obstructive sleep apnea, obesity-hypoventilation syndrome, non-alcoholic fatty liver disease, and even obesity-related glomerulomegaly with resultant kidney disease [42] . In a basket design, patients with a variety of overlapping disorders related to morbid obesity would be grouped together and treated in a single trial. For example, a randomized controlled trial involving a weight loss drug could be tested in patients with BMI >40 kg/m 2 and HFpEF or obstructive sleep apnea or non-alcoholic fatty liver disease. Patients would then be followed for a variety of endpoints, some specific to the diseases and clinical syndromes included in the study (e.g., exercise testing, apnea-hypopnea index, and liver fat by computed tomography, respectively), and some that evaluate overall effectiveness of the medication (e.g., quality of life metrics). Figure 4 presents a hypothetical example of such an approach using the weight loss drug lorcaserin, a serotonin receptor subtype (5-HT 2c ) agonist [43, 44] . Morbidly obese patients with evidence of unoccupied 5-HT 2c receptors (which, in the future, could be quantified using positron emission tomography-computed tomograph (PET-CT) scanning of the brain [45] , Fig. 4 (top)) and one of the aforementioned obesity-related conditions would be enrolled in the trial in a basket design (Fig. 4,  bottom) with a variety of endpoints.
In the second example, the treatment target would be cardiac microvascular dysfunction, which is thought to be a major underlying pathophysiologic abnormality in HFpEF [46] [47] [48] [49] . Patients with HFpEF with evidence of cardiac microvascular dysfunction could be grouped under a basket design with other patients who have evidence of cardiac microvascular dysfunction, including patients with ischemia and no obstructive coronary disease (INOCA) [50] and patients with systemic sclerosis [51] . In this example, there would be a common pathophysiologic endpoint (coronary flow reserve) but different functional endpoints (e.g., exercise capacity, angina questionnaires, quality of life, and extracardiac assessment of microvascular dysfunction (e.g., Raynaud's phenomenon)) that may be differentially applicable to the underlying diseases and clinical syndromes included in the basket design.
A key advantage of a basket trial design is the ability to target a molecular or pathophysiologic abnormality shared by several different diseases and clinical syndromes. Since HFpEF and other clinical syndromes (and even diseases) are often simply man-made constructs, treating a single target across diseases enables a more holistic therapeutic approach. However, there are several potential challenges posed by an basket design, including (1) the fact that different diseases may respond differently to targeting the same underlying molecular or pathophysiologic etiology; (2) the investigational therapeutic may have a variety of effects, including offtarget effects that may be beneficial or harmful depending on the disease being treated; (3) the basket design requires the ability to precisely test for the target of the therapeutic (e.g., molecular pathway) in patients; and (4) determining optimal strategies for patient recruitment across subspecialty silos, and the appropriate outcomes for each disease/ syndrome in the basket trial is likely to be difficult. Basket designs are currently in use in oncology because a specific somatic mutation can be targeted across different tumor types, and the outcome (e.g., tumor size and extent) is easier to envision. Application of the basket design to other fields in medicine is likely to be more challenging. Nevertheless, the basket design gives investigators a chance to broaden the scope of potential clinical trials beyond man-made silos of disease.
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Step 1: Recruit patients with BMI > 40 kg/m 2 and obesity-related conditions, and perform brain PET-CT
Step 2: In patients with high density of unoccupied receptors in basket trial of 5-HT 2c receptor agonist: [45] Machine Learning to Enhance Clinical Trials Three common uses of machine learning that are germane to clinical trial design include pattern recognition (unsupervised learning), prediction of treatment response (supervised learning), and decision making (reinforcement learning) [52, 53] . All three could be used to provide a more precision medicine approach to HFpEF. In a study that focused on personalized nutrition, Zeevi et al. used both unsupervised and supervised learning, coupled with high-dimensional data (activity, lifestyle, nutrition, genomics, and microbiome) to develop a more personalized approach to nutrition, with the goal of improving postprandial glucose responses (i.e., to prevent hyperglycemia) [54] . Patterns of dietary response were first determined using unsupervised learning, followed by prediction of post-prandial glucose responses using supervised learning. A similar approach could be used in HFpEF, with patients classified into subtypes using unsupervised learning, and then monitored for different treatment responses to a variety of interventions with supervised learning to predict future treatment responses. The availability of both invasive and non-invasive continuous monitoring devices for HF patients could expedite such studies by providing real-time feedback on treatment efficacy.
Reinforcement learning involves a computer learning decision making by repeatedly walking through win-lose scenarios, learning from wins and losses, and replaying the scenarios [53] . This type of machine learning approach has been successfully used to play games, such as DeepMind's AlphaGo, which has mastered the game of Go [55] . Clinical medicine can also be viewed in such a context, and thus it is not surprising the reinforcement learning has been advocated as a way to improve clinical trials [56, 57] . The idea is that if there is enough available information from prior clinical trials, including positive and negative results, a computer could use that data to improve the conduct of the trial as it is being conducted. Furthermore, the treatments could be personalized based on each patient's Bscenario^that had been modeled by the reinforcement learning algorithm.
Developing a Pipeline for HFpEF Therapeutics
A precision medicine framework for HFpEF clinical trials will require several key steps, as outlined in Table 4 : efficient participant screening and recruitment into trials, deep phenotyping of study patients, flexibility of clinical trial protocols, and availability of a wide variety of potential therapies [21] . A pipeline approach to developing therapeutics, as outlined for the oncology field by Trusheim and colleagues [58] , could also be used in HFpEF. Clinical trials could be organized in such a way that hypothesis-generating innovative trials (e.g., adaptive designs, basket designs) are followed systematically by confirmatory trials, and then, for approved drugs and devices, by real-world evidence. Operational innovations, which would also be necessary for a successful pipeline, include: master protocols, systematic screening and identification of patients (ideally through automated algorithms), and standardized repositories (including phenotyping (e.g., cardiac imaging) and biobanks). Together, these aspects of a pipeline for precision medicine clinical trials could allow for increased efficiency and scale, with faster trials that increase availability of novel therapies to patients and better and more comprehensive evidence for targeted therapeutics.
Statistical Considerations
Although methods for statistical analysis of the aforementioned innovative clinical trial designs are beyond the scope of this review, there are some key aspects to consider when designing precision medicine trials. Ma et al. [59] have reviewed a process for using statistical inference to establish personalized treatment rules: (1) acquire the training data, ideally from an previously conducted randomized controlled trial; (2) chose a method of inference based on clinical endpoints (e.g., binary, continuous, survival) and data dimensionality (i.e., low-vs. high-dimensional data); (3) identify an individual treatment rule based on derived treatment contrasts and select a clinically relevant decision threshold; (4) fit the model to the training data, ensuring appropriate selection of covariates and estimation of model parameters; (5) evaluate model performance, which should include measuring the extent of clinical benefit; and (6) apply the treatment rule to future patients, with continual improvement of the model based on its performance and additional collected data.
In addition to developing a process to develop statistical inference for a particular precision medicine therapeutic, the issue of subgroup analyses in clinical trials must be considered carefully. As explained above, a key tenet of precision or personalized medicine is determining which patients do and do not benefit from a particular therapeutic in the context of a randomized controlled trial, which often involves subgroup analyses. However, it is well known that subgroup analyses have serious limitations. False positives can occur due to multiple comparisons, and false negatives are common due to limited power. Perhaps most importantly, personalization of therapy is more complex than simple subgroup analyses because multiple characteristics can vary simultaneously [60] . Burke et al. advocate for pre-specified primary subgroup analyses that are hypothesis testing and can guide clinical care [61] . Secondary subgroup analyses are hypothesis generating and should stimulate further research but should not guide clinical care. These authors advocate following Bayes's rule: interpretation of a subgroup analysis is analogous to rigorously evaluating a diagnostic test. Bayes's rule: posterior odds = sensitivity/(1 − specificity)*prior odds. Statistical power = sensitivity of the trial. 1 − Alpha = specificity of the trial (usually set at 95%).
By ensuring that precision medicine trials in HFpEF have a pre-specified, well-thought process for statistical analyses, and carefully considering subgroup analyses of trials from their outset, HFpEF clinical trialists can help ensure that the trial results are valid and justified.
Potential Challenges and Hurdles for Innovative Clinical Trial Designs in HFpEF
Although newer trial designs appear promising for HFpEF, there are several hurdles that stand in the way of their implementation. First, many of these designs require adequate markers (biomarkers, pathophysiologic markers) that define who will benefit most from the investigational therapeutic, and such markers may not be available. Second, large numbers of HFpEF patients will need to undergo screening to find Requires an early development protocol that is flexible allowing change to emerging science and understanding of patient markers and novel sub-phenotypes, and/or a confirmatory development protocol permitting regulatory interactions using different types of datasets
• Single or aligned protocol • Aligned and efficient review-using a centralized regulatory/ethics process • Flexible
• Modular
• Rolling-open ended • Adaptable to emerging science • Allows different datasets to accumulate • Allows regulatory interactions 4. Availability and delivery of therapies Requires an operational machinery that allows studies to be conducted over diverse groups and geographical areas with aligned and efficient regulatory and ethics processes, patient screening/recruitment, and ability to distribute multiple candidate drugs to multiple sites in a cost-effective and efficient manner
• Hub-and-spoke models • Must accommodate diverse groups and geographical areas
• Centralized pharmacy-to enable cost-effective delivery of multiple drugs to multiple sites • Highly collaborative working-across many different groups • Good partners Successful delivery of multidrug portfolio studies requires innovation across clinical design and implementation; key aspects to consider for diagnostics, clinical protocol operational delivery. Reproduced with permission from [21] enough patients for some of the trial types described above. Current enrollment in HFpEF clinical trials, while improving, is still quite low, and there is an unmet need for improved automated screening of the electronic health record and/or dedicated, large-scale HFpEF programs. Third, some designs (e.g., umbrella trials) will require collaborative networks among institutions and cooperation among the companies making the investigational treatments. Finally, the notion of precision medicine (more precise therapies for smaller numbers of patients) creates a real tension for companies, payers, healthcare providers, and patients because the smaller number of treatable patients could mean lower profits or higher prices for these treatments. However, for common clinical syndromes such as HFpEF that lack effective therapies, a novel and effective therapeutic that is only applicable to a fraction of the patients would be a major advance and would still likely be profitable given the high prevalence of HFpEF (~3-4 million in the USA and~15 million worldwide).
In addition to the several potential challenges for innovative clinical trial designs in HFpEF reviewed above, there are some overarching challenges and hurdles to consider when designing new trials for HFpEF. First, given the immense costs of drug development, pharmaceutical and device companies may be reluctant to embrace newer designs due to the notion that they are riskier than traditional designs. Second, clinical trialists (and site investigators) may also be reticent to utilize novel trial designs due to increase complexities in the operation of such trials. There may also be fear that even if regulatory bodies accept these novel designs that once the trial has been conducted approval of the new therapeutic will be hampered by lack of understanding of the novel clinical trial design. Finally, even for approved therapeutics, if the innovative trial that led to approval is not clear in its clinical benefit, payers and clinicians may not use the therapeutic due to perceived lack of efficacy. For each of these challenges, examples of success in other fields (e.g., oncology) will help prove the utility of these novel trial designs so that companies, investigators, regulators, payers, and clinicians will be more willing to accept the incorporation of novel trial designs for HFpEF.
Conclusions
Given the disappointing track record of prior HFpEF clinical trials, coupled with the emerging understanding of HFpEF as a heterogeneous clinical syndrome, it is imperative that innovative clinical trials designs are considered during the development process for novel therapeutics. Here, we have reviewed some of the more popular novel clinical trial designs that have been used in other fields of medicine. Aspects of these innovative designs are currently being employed in HFpEF clinical trials (e.g., enrichment designs to increase the number of patients most likely to respond to the investigational treatment). However, there is considerable room for increased innovation in HFpEF clinical trials, and hopefully the incorporation of newer trial designs in HFpEF will lead to a more personalized therapeutic approach and better results for HFpEF clinical trials, which ultimately could lead to improved patient care.
